In this paper, a selective activation strategy is studied in order to alleviate the issue of added compliance in the intrinsic cohesive zone model applied to arbitrary crack propagation. This strategy proceeds by first inserting cohesive elements between bulk elements and subsequently tying the duplicated nodes across the interface using controllable multi-point constraints before the analysis begins. Then, during the analysis, a part of the multi-point constraints are selectively released, thereby reactivating the corresponding cohesive elements and allowing cracks to initiate and propagate along the bulk element boundaries. The strategy is implemented in Abaqus/Standard using a user-defined multi-point constraint subroutine. Analysis results indicate that the strategy significantly alleviates the added compliance problem and reduces the computation time.
Introduction
Recently, the cohesive zone model (CZM) has been increasingly used for the fracture analysis of engineering materials. The CZM gives an explicit and clear picture of the physical representation of cracks and can be easily implemented within the conventional finite element method. In the application of the CZM, cohesive elements are placed within the mesh between bulk material elements and thus provide potential crack paths at inter-element boundaries. The continuum response is modeled by the bulk elements while damage and fracture is represented by the cohesive elements. Unlike traditional LEFM approaches, the CZM requires neither the location of initial cracks nor for the crack propagation paths to be known [1] [2] . The basic idea of the CZM was introduced by Dugdale [3] and Barenblatt [4] , and first utilized by Hillerborg [5] for the fracture analysis of concrete materials. Since then, there have been numerous studies on the development and application of this versatile method in order to predict the fracture behavior of engineering materials (e.g., [6] - [10] ).
Cohesive element behavior is governed by a traction-separation law (TSL) which describes the cohesive tractions across an equivalent fracture surface as a function of interfacial separation. The shape of the TSL may be defined in various forms in order to approximate the process of material failure, and exponential [7] , bi-linear [9] , and trapezoidal [10] TSLs are commonly used. In what is generally known referred to as the "intrinsic" CZM, TSLs that have an initially elastic region are used. As a result, the intrinsic CZMs tend to suffer from the well-known problem of artificial compliance problem, which may affect the global elastic response as well as the fracture behavior [11] [12] . This issue becomes particularly significant when a large number of cohesive elements are used, as in, for example, simulations of arbitrary crack growth throughout a material in which the crack paths are not known a priori. Alternatively, initially rigid cohesive element behavior may be achieved in a method known as "extrinsic" CZM, in which cohesive elements are adaptively inserted into the mesh only as needed during the analysis. In the extrinsic approach, the cohesive behavior is typically defined with a strictly decreasing TSL and thus the effect of artificial compliance problem is minimized (eg., [8] [12]- [14] ). However, a fracture criterion is needed to determine when to insert cohesive elements, and the sophisticated management of complex data structures is required since the mesh changes continuously during the analysis.
In this study, a selective activation strategy was developed which alleviates the effects of added compliance issue inherent to the intrinsic CZM while avoiding the complexity of the extrinsic approach. In this strategy, the cohesive elements are inserted within the initial mesh but are subsequently deactivated by enforcing multi-point constraints (MPCs) which prevent the separation of cohesive element nodes. During the solution, the MPCs may then be selectively released upon satisfaction of a specified condition and the corresponding cohesive elements are reactivated. This approach was developed in the framework of the intrinsic CZM so that the advantage of representing the fracture process solely by a given TSL was retained. The strategy was implemented as a user subroutine to Abaqus/Standard, a readily available standard finite element code. A 3-dimeansional arbitrary crack propagation configuration was considered to demonstrate the effectiveness of the developed strategy in alleviating the artificial compliance problem. The effect of the choice of activation parameters on the predicted solution as well as on the computation times was investigated.
Analysis

Selective Activation of Cohesive Elements
This section discusses the selective activation of intrinsic cohesive elements using controllable multi-point constraints via a user subroutine in Abaqus. As discussed in the introduction, one of the major disadvantages of the intrinsic CZM is that the effective bulk elastic properties change due to the added compliance caused by the finite initial stiffness in the TSL and the crack propagation path may additionally be altered. In this study, a strategy that can alleviate the added compliance effect was developed by selectively activating cohesive elements using controllable user multi-point constraints.
The selective activation of cohesive elements proceeds in 3 steps as shown below: STEP 1. Cohesive elements are inserted a priori between bulk elements. STEP 2. The cohesive elements are initially deactivated by tying the duplicate cohesive nodes by MPCs. STEP 3. During analysis, a small portion of MPCs in the region where cracks are likely to initiate or propagate are released and the corresponding cohesive elements are activated.
This procedure is illustrated graphically in Figure 1 using a 2-dimensional mesh with 4 bulk elements and 4 cohesive elements inserted at each element boundary. The cohesive elements are shown as if having finite thicknesses for illustrative purposes, although these are in fact zero-thickness elements. As shown in the right zoomed-in view, the duplicated cohesive nodes are tied thereby deactivating the corresponding cohesive element. During the analysis, the MPCs are released when a certain condition is met. Consequently, the corresponding cohesive element is activated and subsequent behavior is governed by a modified intrinsic TSL. Figure 2 shows the modified TSL. Here, 0 δ , f δ , and max T indicate the separation at the onset of damage, the final separation at failure, and the maximum traction, respectively, as defined by the original (unmodified) standard bi-linear intrinsic TSL. The initial stiffness is denoted by K and the area under the curve ( ) c G is the fracture energy. In the selective activation strategy, the TSL is modified to behave rigidly when the traction is smaller than MPC release (or cohesive element activation) traction rel T . Once the traction becomes larger than rel T , the MPCs tying the cohesive element nodes are released, the corresponding cohesive elements are reactivated and follow the modified TSL. It becomes immediately clear that the new TSL is controllable by the release traction rel T . Setting rel 0 T = , the original initial elastic intrinsic TSL is recovered, and setting rel max T T = results in an initially rigid qua- si-extrinsic TSL. Also, it can be seen that an unrecoverable artificial energy ( a G , the shaded region in Figure 2 ) is added by the initial rigid behavior resulting from the MPC enforcement. However, in this study the addition was not found to be significant since in practice a very large value may be used for the initial stiffness K, i.e., the initial separation ( ) 0 δ is set to be negligibly small compared to the final separation ( ) f δ . Also, the instantneous introduction of small jump displacements at cohesive nodes by releasing the MPCs was found not to cause any severe numerical instability.
The difference between the current selective activation strategy and the extrinsic CZM is that in the latter the inter-element tractions are first extrapolated to the element boundaries from the quadrature points, and then cohesive elements are adaptively inserted when a critical traction is attained, while in the present approach the stress states in bulk elements surrounding each node is first traced, and then MPCs are released for nodes where (for example) the equivalent stress reaches a specified value, thereby reactivating the cohesive elements. Note that in this approach there is great flexibility in defining the specific release condition, and alternative choices may be made depending on the fracture behavior to be modeled.
The MPC release condition is illustrated in Figure 3 . In the crack initiation stage, the stress states in the bulk elements are traced. If a bulk element is found with an equivalent stress ( Mises σ was used in this study) greater than the specified release stress ( ) rel σ , then all MPCs within the specified release radius ( ) rel R from the element are released, and all cohesive elements within that release domain become active. Furthermore, once cracks have initiated, the damage state variable (SDEG) for each active cohesive element is traced and the effective crack tip location is defined as the centroid of the critical cohesive element with the maximum SDEG value less than 1 (note that SDEG = 1 for fully failed cohesive elements). Then, the MPCs within the release radius distance from the equivalent crack tip are released.
As can be seen in Figure 3 , the number of released MPCs depends on the release stress and the release radius. For increasing values of the release stress and for decreasing release radius, the total number of released MPCs is decreased. In practice, the MPC release stress ( ) rel σ can be specified to a value that gives the activation traction rel T value slightly smaller than the maximum traction, max T . Note that this, in a sense, frees the analysis from the burden of accurately calculating the interface traction between bulk elements to determine when to adaptively insert cohesive elements, as is required in the extrinsic CZM. In addition, note that once activated the cohesive elements follow a conventional intrinsic TSL beginning from rel T and the fracture initiation and softening behavior is still determined as in the conventional TSL. Also, note that an appropriate release radius
can be determined by the same methods commonly used to calculate the cohesive zone size, thus ensuring that a sufficient number of cohesive elements are activated within the cohesive zone
As an additional benefit, the selective activation strategy was implemented using a user-defined MPC subrou- tine used with the FE code Abaqus/Standard, which permits the definition of pure master-slave multi-point constraints. As a result, all constrained degrees of freedom are eliminated and the size of the global system of equations is reduced accordingly. Since only a relatively small number of MPCs are released, the present strategy may be expected to not only alleviate the added compliance effect but also reduce the computational time as compared to the conventional intrinsic CZM. Figure 4 shows the configuration considered for the application of the selective activation strategy. The 50 x 50 mm-square specimen with a slanted center crack was vertically loaded in tension. The thickness was 2 mm, and the initial crack length and the crack angle were 19.8 mm and 45 o , respectively. The specimen was made of cast iron (ASTM class 30). Table 1 lists the elastic properties and the fracture parameters. In the analysis, the same traction and fracture energy values were assumed for the normal and the tangential direction, a quadratic power law was used for the mixed mode behavior. For the above configuration, a finite element mesh was generated as shown in Figure 5 . Although a 2-dimensional analysis would suffice for this configuration, 3-dimensional analyses were performed in this study to demonstrate the 3-dimensional capability of the developed strategy. The mesh was refined in the region where the cracks are expected to propagate, as shown in the right zoomed-in view. Six-node wedge elements were used in the expected crack propagation regions to provide a variety of potential crack paths, while 8-node hexahedron elements were used in areas where crack growth was not expected. Cohesive elements were then where E , c G , and 0 t denote elastic modulus, fracture energy, and a measure of strength, respectively. Using the values in Table 1 and setting 1 M = , the cz l was estimated to be 3.8 mm. The element size was then defined as 0.5 mm which resulted in 7.6 e cz l h = (i.e., approximately 7 -8 elements were used in the cohesive zone distance).
Finite Element Modeling
Next, MPCs were generated to tie the nodes across each cohesive element as described above, thus deactivating the inserted cohesive elements prior to the analysis. Due to symmetry and cyclic symmetry, only 1/4 portion of the geometry (the front right half portion) was analyzed with proper boundary conditions. Detailed information for the finite element mesh is summarized in Table 2 . For all computations, a small amount of artificial viscosity was applied to the cohesive element section definitions to stabilize the solution procedure. The value was chosen by a series of preliminary analyses such that it appeared to have relatively little bearing on the resulting crack propagation behavior.
Results and Discussion
First, the added compliance problem inherent to the intrinsic CZM is demonstrated. Figure 6 shows the nominal stress-strain curves obtained by using the conventional CZM (CCZM) for several initial stiffness (K) values of the initially elastic TSL. The nominal tensile stress increased up to approximately 77 MPa and then decreased as the crack propagated. As can be seen in the figure, the results depended heavily upon the initial stiffness chosen for the TSL. For K = 132 × 10 3 N/mm 3 (note that for this value, the failure initiation separation was 10% of the final failure separation), the elastic response before the fracture and the failure stress were significantly underestimated. As the initial stiffness was increased, the added compliance effect was reduced and converged results were obtained. For the specific model under consideration, this convergence of the stress-strain curve was obtained when the initial stiffness was increased to 132 × 10 5 N/mm 3 (i.e., the failure initiation separation was 0.1% of the final failure separation). Figure 7 shows the nominal stress-strain curves by the selectively activated CZM by MPC (MCZM). For this computation the MPC release stress ( ) rel σ was 150 MPa and the release radius ( ) rel R was 3 mm. Comparing the MCZM stress-strain curves with those by the CCZM, one can clearly see that the added compliance problem was significantly alleviated. Other than the case with the smallest initial stiffness value, all results showed converged elastic responses. Also the maximum stress convergence was much better than that shown by the CCZM.
The effect of initial stiffness of the TSL on the crack path was also examined in Figure 8, Figure 9 . Here, the right crack propagation region is plotted with a deformation magnification factor of 5. The thick red line in the figures indicates the converged crack path obtained by the CCZM with K = 132 × 10 6 N/mm 3 . It was noted that the CCZM required the use of a large initial stiffness value equal to or larger than 132 × 10 5 N/mm 3 in order to obtain the crack path convergence. In the case of the MCZM, the crack path convergence was obtained with a smaller initial cohesive stiffness value of 132 × 10 4 N/mm 3 . Figure 10 shows the effect of release stress ( ) rel σ on the nominal stress-strain curve by the MCZM (note that for clarity this figure shows only the zoomed-in view around the maximum stress region). For comparison, the CCZM results with the initial stiffness values of K = 132 × 10 5 N/mm 3 and K = 132 × 10 6 N/mm 6 are also plotted. It can be seen that the CCZM result when K = 132 × 10 5 N/mm 3 still exhibited a small amount of added compliance effect. All the MCZM results were calculated with K = 132 × 10 5 N/mm 3 and accurately predicted the elastic portion of the response. This graph shows that when the release stress smaller or equal to the maximum traction was used, the nominal stress-strain curve was accurately predicted by the MCZM. However, when larger values were used for the release stress, the elastic response was correctly calculated but a larger maximum stress value was predicted. Since in this approach the release stress ( ) rel σ was specified instead of the release traction ( ) rel T , it was thought that as a conservative rule of thumb approximately 90% -95% of the maximum traction value should be used for the release stress so as not to accidently over-predict the maximum stress.
The normalized CPU time of the MCZM is plotted in Figure 11 . All the MCZM computations were completed using K = 132 × 10 5 N/mm 3 . In general, the CPU time of the MCZM decreased slightly as the release stress increased and the release radius decreased since less MPCs were released and thus the size of the global stiffness equations remained smaller. When compared to the CPU time of the CCZM with K = 132 × 10 5 N/mm 3 , the MCZM had approximately 25% saving. However, when compared to the CPU time of the CCZM with K = 132 × 10 6 N/mm 3 which produced matching (converged) results as shown in Figure 9 , the MCZM was able to complete the analyses with the computation time 40% -50% smaller. Noting that the MCZM computations were done using a user subroutine which was not optimized for passing the necessary information for the stress and the damage states of the bulk and cohesive elements, this saving was thought to be significant. Also, if the MCZM approach was incorporated with the finite element software itself, the computation time could be further saved by not performing the element calculation and the assembly to the global stiffness equation for the non-activated cohesive elements.
Summary
In this study, a selective activation strategy for cohesive elements was developed and implemented in Abaqus as a user subroutine in order to alleviate the added compliance problem inherent to intrinsic cohesive zone models. The core of this strategy was to deactivate the inserted cohesive elements by tying the duplicated nodes using controllable multi-point constraints before the analysis, and then to selectively release and activate only a small number of cohesive elements during analysis. Applied to a tensile specimen configuration with a slanted center crack where the crack was permitted to propagate arbitrarily through the mesh, the selective activation strategy was found to significantly alleviate the added compliance problem and reduce the computation time.
